This paper presents some experimental results about Position Mooring (PM) system applied to the barge ship. In PM operation, the station keeping in surge, sway of vessel is provided by the mooring system. In this paper, a system consisting of a barge vessel and mooring lines is mathematically modeled. The position and orientation of the vessel are controlled by changing the tensions of the mooring lines. The PID and robust control strategies are applied to evaluate the efficiency of proposed system. Experimental results of each control strategy are presented and discussed.
Introduction
In recent years, there have been increasing activities related to oil exploration and exploitation as well as offshore applications such as production and pipe laying ( Figure 1 ). To increase the safety and efficiency of these activities, the offshore vessel must satisfy the requirements for station keeping operation where the position and orientation of vessel is kept in the acceptable area. The Dynamic Positioning (DP) or Position Mooring (PM) system is a station keeping approach that exclusively uses thrusters to control the position and heading angle of vessel, and it is highly efficient for deep water operation or station keeping of surface vessel [1] [2] [3] [4] [5] [6] [7] [8] [9] . In contrast to the DP system, the vessel's position is basically kept by the mooring lines in the PM system. The mooring system with cables compensates for the slowly-varying disturbances. In the normal weather condition, the PM system is considered as a passive control system. However, tension of the mooring lines should be controlled to ensure the vessel motions and prevent the line breakage in the hard disturbance condition. The PM system is the most efficient for moored vessels in shallow water which reduces the operational cost as well as the risk. Several control strategies for modeling and PM control have been proposed [10] [11] [12] [13] [14] . The PM system was modeled on the basis of mooring line tension characteristic by solving the catenary equation [10] . The LQG controller design of an automatic thruster assisted position mooring system has also been studied, and the line breakage compensation with feedforward control was recommended. Aamo and Fossen [11, 12] developed a finite element model (FEM) for mooring lines which are suspended in water, proposing a passive controller to reduce the fuel consumption by adjusting mooring lines' stiffness. Nguyen and Sorensen [13] presented the switching control strategy for thrusterassisted position mooring. Depending on the environmental and operational conditions, a supervisor control was adopted to facilitate the automatic switching for heading, damping, restoring the mean force controllers of the PM system. In this study, a barge type vessel is considered as a controlled plant in which the thrusters are not equipped, and the station keeping operation is done by using the PM system that has 4 mooring lines. The tensions of mooring lines are measured through load-cells. Four sail winches installed on the vessel are used to control the cable tension by pulling or releasing the lines. The PID and robust control approaches are applied to evaluate the efficiency of the proposed control strategy. The evaluation process will be done by the experimental study.
Mathematical Model

Vessel Dynamics
The floating vessel is usually described by low-frequency (LF) and wave frequency (WF) model. The WF model accounts for the motions due to the first-order wave disturbance whereas the LF model primarily considers the effect of second-order mean and slow varying wave, current and wind load.
However, in the PM system, the effect of WF motion is small enough to be ignored. The 3 DOF low frequency motions in surge, the sway and yaw of the floating vessel are generally formulated as follows: 
The relative velocity vector considering the effect of current is defined as:
And the current components are calculated by
where and order wave disturbance, wind, mooring and thruster vectors, respectively.
Multi-Cable Mooring System
The mooring line is attached at one end to the vessel via a winch system, and the other end is fixed to the sea-floor by anchor. Commonly, the mooring line is subjected to three types of excitation: large amplitude LF motion, medium amplitude WF motion and small amplitude with very high frequency vortex-induced vibration [14] . In the PM system design, it is simplified by considering the influence due to LF motion. Thus the generalized mooring force is
where mo d is the additional damping and mo g is the Earthfixed restoring force due to the mooring system. The Earthfixed restoring force is a combination of tensions produced from the mooring lines. It can be given by the following expression
is the mooring line configuration matrix and N is the number of mooring lines. Then, this matrix can be defined as
where , , and 
Controller Design and Experiment
Controller Design and Experimental Setup
This paper applies a robust control approach, which was initiated by us [9] , to the position keeping experiment. In this paper, the control allocation strategy proposed in the previous work [9] is provided. As shown in Figure 3 , a control allocation problem is defined as a method of transferring the calculated control signal from the controller to the plant with as little loss as possible. This is expressed as
From equation (8), it is evident the objective of control allocation is to minimize the difference between controller output ( c τ ) and actuator output ( a τ ). Figure 3 illustrates a general control allocation problem formulation with controller [9] . The general objective of control allocation is given by the condition that the error || || a c τ τ  is made small, as described by equation (8) .
If the problem is described in the  H control framework, this can be expressed in the form of Eq. (9) for the generalized plant depicted in Figure 3 .
where zw T describes the transfer function between w and . z The control scheme is illustrated in Figure 3 , and the control objective is to obtain a controller satisfying the norm condition (9) . Then a controller satisfying the condition shown in Eq. (9) can be easily calculated using MatLab Tool. Finally, we can obtain a robust controller candidate as follows:
And, all the transfer functions shown in Figure 3 The experimental set-up is illustrated in Figure 4 , and the schematic diagram for experimental is shown in Figure  5 . As illustrated in these figures, the control system (NI CompactRio) is placed on the vessel. However, the vessel motions are captured by the CCD camera which is attached on the celling.
The image data (vessel motions) taken by the camera is transferred to the host onshore computer, and the vessel motions (surge, sway motions and yaw angle) are calculated by using the vector code correlation technique in real time [15] . Then the calculated positions and yaw angle are sent to the control system CompactRio placed on the vessel. Also, the information including vessel motions and all the sensing signals are transferred to the monitoring system (Host Computer) by the wireless network. . And 4 mooring lines are properly interconnected between the vessel through sail winches and the wall of the basin. Also, the load-cells to measure the cable tension are installed between the cable and the vessel, as shown in Figure 5 . The submerged mass (Balancing Weight in Figure 5 ) is suspended between the two end points of cable to illustrate the passive control property of the PM system which provides the restoring, damping and mean control forces to compensate the load variation caused by wind, wave and current. Here, the weight of each mass is 0.2[kg].
Experimental Results
In this study, two control methods, PID and robust control, are applied to evaluate the proposed control strategy. The inertia and damping matrices of the barge ship, and MD shown in the Eq. (1) are obtained from the experiment and simulation. These are given as follows: 
where the mooring lines configuration on the vessel are described as: 
To show the comparison result with the PID control scheme, the following PID controller is introduced. 
The structure of robust control scheme is shown in Figure 4 The novel idea in this control approach is that the treatment of system stability, control performance and control allocation is unified in the form of H  control framework [7] .
By using the Eqs. (11)~(13), the controller satisfying norm condition (9) Figure 5 shows the vessel motion (surge, sway and yaw angle, respectively) of the uncontrolled case. Even though the vessel is slightly restricted by the cables, we can see that the influence of the wave attack remains for long time.
On the other hand, Figures 6 and 7 show the controlled cases. In Figure 6 , PID control law given in Eqs. (15) and (16) is applied, and in Figure 7 , the proposed robust control scheme of the Eq. (17) works. The two controlled results do not show significant differences.
However, the comparison results between the commanded tension made by the controller and the actual tension of each mooring line is shown in Figure 8 and Figure 9 for a PID and the proposed robust control case, respectively. By controlling the winch by pulling and releasing each line, the tension of the mooring line can follow commanded tension based on the control allocation framework. This result explains that PID control is weak in coping with disturbance. Especially, let us look at the cable tension in the transient state region, and compare it with the proposed control case. In this state, the cable tension force variation of PID (in Figure 8 ) is rough and violent. On the other hand, there is smooth and natural tension force variation in the proposed control system as shown in Figure  9 In fact, because the harsh tension variation is the main cause of breakdowns of the mooring cable, it should be avoided in the real application. 
Conclusion
In this paper, we constructed a mooring control system of a barge type surface vessel. This system comprises a barge ship, mooring lines and winches. The mathematical system model is obtained and considered as low frequency system which provides primarily the effect of second-order and slow varying wave, current and wind loads. The proposed method of designing the controller was compared with experimental results obtained by applying the PID controller to prove the effectiveness of its performance.
